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SUMMARY

Waste from Hanford underground storage tank 241-AN-107 is a candidate low-activity waste (LAW) 
for Envelope C.  Envelope C wastes require pretreatment to remove radioactive Sr and TRU (along 
with cesium and technetium) before immobilization.  The baseline pretreatment process planned for 
Sr/TRU removal was precipitation with added strontium and iron.  However, studies have shown that 
the Sr/Fe precipitates were very difficult to filter.  An alternative treatment being evaluated uses 
permanganate instead of iron.  Permanganate treatment has been shown to be effective for 
decontaminating waste from Hanford Tank SY-101.

Battelle conducted small-scale experiments with archived AN-107 waste over a period of about three 
months to determine the effectiveness of the permanganate treatment process.  These tests showed 
that permanganate treatment alone would provide adequate TRU removal, however, permanganate 
alone would not provide adequate Sr removal.  The preferred Sr/TRU removal process involved 
addition of strontium and permanganate.  Test conditions that provided adequate Sr/TRU 
decontamination were identified.  These test conditions were further evaluated with a 1-L batch of 
archived AN-107, which provided a large enough volume of waste to conduct crossflow filtration 
studies.  These tests showed that Sr/TRU removal could be accomplished by addition of a strontium 
solution followed by permanganate solution.  The resulting precipitate could be removed effectively 
by crossflow filtration.

The original target sodium concentration for AN-107 diluted feed was 7.7M.  The waste was further 
diluted and additional caustic added before Sr/TRU precipitation.  The target concentrations for the 
treated waste were 6.0M sodium, 1.0M free hydroxide, 0.075M strontium, and 0.05M permanganate.
Approximately 1.4-L of AN-107 diluted feed were treated.  Decontamination of strontium-90 and 
TRU (Am-241) in the supernatant was greater than needed to meet the immobilized low-activity
waste (ILAW) requirements (less than 100 nCi/g TRU and less than 20 Ci/m3 Sr-90 in the final 
ILAW).  The stronium-90 decontamination factor (DF) was consistently greater than 50 and the 
Am-241 DF greater than 25.  The target DFs were 10 for Sr-90 and 5 for Am-241.  These DFs include 
the contribution from the removal of the entrained solids although this was relatively small.  The 
removal of the entrained solids accounted for about 8% of the DF for Sr-90 and about 17% of the DF 
for the alpha emitters.

Crossflow filtration tests with archived AN-107 showed that the entrained solids could not be readily 
removed from AN-107 waste prior to Sr/TRU treatment.  However, the filterability, as determined by 
filter flux rate, increased by an order of magnitude after the treatment process.   For AN-107 diluted 
feed, crossflow filtration tests were conducted in the Cell Unit Filter (CUF) system with the Sr/TRU 
precipitated waste only.  Results showed that the treated waste could be effectively filtered by 
crossflow filtration.  A parametric study was conducted with relatively low, 1.9 wt%, initial solids 
loading of the treated waste. At target transmembrane pressure (TMP) of 50 psi and crossflow 
velocity of 12.2ft/sec, the average flux rate was 0.03 gpm/ft2 or 1.75 m3/m2/day and the permeability 
was 0.53 m/day/bar.  The treated waste slurry was dewatered in the CUF to approximately 4 wt%.
Additional dewatering in the CUF was not possible because the minimum operating volume of the 
CUF was reached.  Solids’ washing was not conducted in the CUF because of the low solid loading in 
the dewatered slurry.  Additional filtration tests will need to be conducted to determine maximum 
solids loading.
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TERMS AND ABBREVIATIONS

AEA alpha energy analysis
BNFL BNFL, Inc; subsidiary of British Nuclear Fuels, Ltd. 
DF decontamination factor
DI water deionized water
EQL estimated quantitation level 
GEA gamma energy analysis
ICP inductively coupled plasma/atomic emission 

spectrometry
MDL method detection limit
MRQ minimum reportable quantity
RPD relative percent difference
SAL Shielded Analytical Laboratory
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UNITS

°C degrees Centigrade
ft/s feet per second
g gram
g/mL gram per milliliter
µg/g - µg/mL microgram per gram / microgram per milliliter
µCi/g - µCi/mL microcurie per gram / microcurie per milliliter 
M mole/liter
mL milliliter
mmole/mL millimole per milliliter
nCi/g nanocurie per gram
pCi/g picocurie per gram
Vol% volume percent
Wt% weight percent
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1.0 INTRODUCTION

BNFL Inc. was awarded the Privatization Contract for treatment of Hanford underground storage tank 
wastes as part of the River Protection Project-Waste Treatment Plant (RPP-WTP).  In Part B-1,
Battelle is conducting technology development and demonstration of process flowsheet steps.  Three 
candidate low-activity waste types have been identified, Envelope A, Envelope B and Envelope C.
Treatment and disposal of the liquid (supernatant) fraction of Envelope C wastes, such as tank 241-
AN-107, requires that transuranics (TRU) and radioactive strontium be removed.  Because of the high 
concentration of organic complexants in this waste (Complexant Concentrate waste), conventional 
separation processes (e.g., ion exchange) are not effective.

During Part A-1 of privatization, Savannah River Technology Center (SRTC) developed a Sr/TRU 
removal process which involved isotopic dilution and precipitation with added strontium and iron 
(SRTC 1997a-d).  While this treatment process provided the necessary supernatant decontamination, 
the resulting precipitate could not be filtered.  The search began for an alternate treatment process.
Battelle proposed permanganate be examined as an alternative, because it had been demonstrated to 
work with waste from Hanford tank SY-101, which also contained high levels of organic complexants
(Orth et al. 1995).

Permanganate has been examined as an oxidant (decomplexing waste (Orth et al. 1995), solubilizing 
chromium (Rapko et al. 1995, Rapko 1998), and oxidation of technetium species to pertechnetate 
(Schroeder)) for treating tank wastes. Permanganate was found to oxidize chromium first, then 
organic carbon, and lastly nitrite.  For wastes such as Tank SY-101, the chromium in the sludge 
consumes as much as half the permanganate.  Orth et al. recommended permanganate doses of 0.1M 
for decomplexing SY-101 type wastes.  At this level of permanganate, decontamination factors (DF) 
of > 143 were obtained for Sr and 28.5 for Pu.  AN-107 does not have the high chromium values in 
the sludge so permanganate is expected to be effective at lower concentrations.

Permanganate is also used as a precursor to MnO2 and/or Mn(OH)2 coprecipitants via the “Method of 
Appearing Reagents” (Krot et al. 1996).  The method of appearing reagents requires the addition of a 
reductant to the waste to be treated.  However, for Hanford wastes this is not necessary because 
reductants are already present in the waste.  The resulting solids are effective coprecipitants for Pu 
and other TRU elements but generally not as effective as iron precipitates.  Decontamination factors 
of greater 100 have been reported for various simulated waste streams.

The treatment scheme for Sr/TRU removal was developed from tests conducted at Battelle with waste 
simulants and actual waste (Hallen et al. 2000a).  The final test conditions were defined by BNFL in a 
Test Specification (Townson 1999) document based on previous results.  This test specification was 
used to prepare a general test plan for Sr/TRU removal tests.  A test instruction was prepared which 
detailed the specifics for conducting this test with AN-107 diluted feed.  The test instruction was used 
to record the specific details of the test, and is attached in Appendix A.

The proposed pretreatment flowsheet shows entrained solids are removed from the double-shell tank 
wastes.  The entrained solids may be returned to BNFL as HLW for vitrification or as LAW for 
pretreatment depending on composition.  Battelle used a Cell Unit Filtration System (CUF) equipped 
with a 0.1-µm filter element (Brooks et al. 1999) to conduct filtration tests with an archived AN-107
waste sample.  These tests demonstrated that the entrained solids present in this waste could not easily 
be removed by crossflow filtration (Hallen et al. 2000b).  For entrained solids removal, the initial flux 
dropped in less than a minute to 0.023 gpm/ft2 and within 5 minutes had dropped to 0.0074 gpm/ft2 at 
55-psid transmembrane pressure (TMP) and 12.2 ft/s crossflow velocity.   To prevent further 
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plugging of the filter, no further testing was conducted at this condition.  An attempt was made to 
collect sufficient filtrate to backpulse (clean) the filter.  Only a small quantity of material could be 
collected in the backpulse chamber and two short backpulses were performed.  A second condition 
was then tested at 70 psi and 9.3 ft/s.  In this case, after 1 min the filtrate flux was 0.0079 gpm/ft2.
Testing was stopped at this point and entrained solids removal was determined to be not feasible for 
AN-107 waste.

The waste was drained from the CUF and Sr/TRU precipitation conducted on the waste with the 
entrained solids present. Approximately 75 mL of 1 M Sr(NO3)2 and 50 mL of 1M NaMnO4 were
added to 882 mL of the caustic adjusted (1M) waste drained from the CUF.  The precipitated waste 
was digested at 50°C for 4 hours.   The resulting slurry was cooled and transferred back to the CUF 
and filtration tests conducted.  Figure 1.1 shows filtrate flux data for entrained solids removal and 
Sr/TRU precipitate removal from archived AN-107 at 55 psi TMP and 12.2 ft/s crossflow velocity.
The filtrate flux was an order of magnitude higher for the treated waste, 0.11 gpm/ft2 averaged over 
the hour of testing.

Figure 1.1.  Comparison the Filtrate Flux for Entrained Solids Removal and Sr/TRU Precipitated 
Archived AN-107 Waste at 55 psi TMP and 12.2 ft/s Crossflow Velocity
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Entrained solids removal from AN-107 diluted feed is expected to be even more difficult than from 
the archived waste.  The archived waste was more dilute, suspended solids had been removed by 
settling, and the waste had been run through a cesium ion exchange column  (Hendrickson 1997).
Since the Sr/TRU precipitated waste with entrained solids are filterable and the entrained solids alone 
are not, the two filtration steps were combined.  Furthermore, analysis of the entrained solids in the 
AN-107 diluted feed showed that they would be classified as HLW similar to the Sr/TRU precipitate 
and thus need not be sent back to the DOE for HLW storage prior to vitrification.

This report contains the results of Sr/TRU removal testing conducted at Battelle with AN-107 diluted 
feed.  Test conditions and experimental procedures are described in Section 2.0.  Results from waste 
treated with added Sr and permanganate are described in regards to Sr/TRU decontamination, 
chemical composition, solids removal, and physical and rheological properties of the waste in 
Section 3.0.  The major conclusion and recommendations that evolved from this work are given in 
Section 4.0.  The appendices contain the test instruction, data sheets, logbook entries, analytical data, 
rheograms, calculation, and staff role/responsibilities for this work. 
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2.0 TEST CONDITIONS AND EXPERIMENTAL
PROCEDURES

The conditions for conducting the Sr/TRU removal tests were detailed in Sr/TRU Precipitation and 
Ultrafiltration Test Specification (Townson 1999) issued by BNFL.  The Test Specification was used 
to prepare a Test Plan (TP 29953-013) that described the general requirements for the Sr/TRU 
removal tests to be conducted at Battelle.  The actual test was conducted in accordance with Test 
Instruction-29953-052, which was specific to the Sr/TRU Removal test described in this report for 
AN-107 diluted feed.  No deviations from the test instruction were necessary.

2.1 Description of Diluted Feed

A total of 17 samples from Tank AN-107 were received from Hanford’s 222-S Laboratory between 
September 14 and 25, 1998.  These samples were then composited and homogenized in a 4-L, glass 
kettle.  The homogenized waste was sampled and characterized to represent the waste, as it exists in 
Tank AN-107 (Urie et al. 1999a).  The composite waste was diluted to represent process flowsheet 
conditions, i.e., diluted feed.  The diluted feed target sodium concentration was 7.7 M and the free 
hydroxide was 1.1 M.  These compositing and dilution activities were conducted under Test Plan 
29953-1.

The amount of sodium in the AN-107 diluted feed sample from the original, as-received waste is 
needed to determine the waste loading in the ILAW.  The sodium concentration in the as-received
AN-107 was 9.26M.  The as-received waste (1.57-L) was combined with 0.16-L of decanted 
supernatant (9.0M Na) to give 1.73-L of waste with a sodium concentration of 9.2M.  The diluted 
feed was prepared by adding 0.13-L of 19M NaOH and 0.44-L of 0.1M NaOH to the 1.73-L of waste.
The AN-107 diluted feed had a calculated sodium concentration of 8.04M and 86.4 mole or weight 
percent of the sodium was from the as-received waste.  The diluted feed was 75-volume percent 
as-received waste.

The AN-107 diluted feed was characterized as two individual components, supernatant and 
centrifuged solids (Urie et al. 1999b).  The data from each component was used to calculate the 
starting composition of the diluted feed.  The data from the individual samples were averaged, and the 
density was used for the supernatant, along with the percent centrifuged solids data to calculate the 
initial composition of the diluted feed.  The calculated composition of the starting AN-107 diluted 
feed is shown in Table 2.1.  The sodium concentration reported for the supernatant fraction, 7.5M, 
appears much lower than the expected 8.04M.  However, the analyses conducted on the treated waste 
samples, reported in Section 3.0 of this report, also suggest the sodium concentration reported in 
Table 2.1 is too low.  The sodium concentration of the diluted feed should therefore be close to the 
calculated sodium concentration of 8.04M.
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Table 2.1.  Calculated Composition of AN-107 Diluted Feed Before Treatment

BNFL ICP Analyte List Supernatant
Average
(µg/mL)

Solids
Average
(µg/g)

Calculated
Composition

(µg/g)
Al 3930 7450 3120
Ba 4 46 5
Ca 439 368 323
Cd 47 34 35
Cr 146 716 138
Cu 21 20 16
Fe 1140 8900 1250
K 1270 659 1240
La 23 110 22
Mg - 30 2
Mn 107 4990 329
Na 173500 136500 128000
Ni 392 277 288
Pb 256 770 218
Zn 19 64 17
Zr 43 202 40

Other ICP Analytes Supernate
Average
(µg/mL)

Solids
Average
(µg/g)

Calculated
Composition

(µg/g)
As 95.5 80 70.72
Ce 27 215.5 29.83
Nd 70.5 318.5 65.44
P 496.5 427 368.23
Sr 2.6 6.3 2.79
Y 11 31.5 9.28

Rad. Chem. Supernatant Solids Calculated
Analytes Average Average Composition

(µCi/mL) (µCi/g) (µCi/g)
Co-60 (GEA) 0.113 < 7.89E-02
Sr-90 75.9 191.5 6.27E+01
Cs-137 (GEA) 255.5 165 1.87E+02
Eu-154 (GEA) 0.6115 1.305 4.93E-01
Eu-155 (GEA) 0.3555 0.818 2.90E-01
Pu-238 0.00769 0.0438 7.60E-03
Pu-239+Pu-240 0.0314 0.1505 2.96E-02
Am-241 (GEA) 0.398 2.085 3.84E-01
Am-241 (AEA) 0.3785 1.47 3.39E-01
Cm-242 0.00144 0.00421 1.22E-03
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Cm-243+Cm-244 0.01225 0.03095 1.01E-02
Total Beta 450 514.5 3.40E+02
Total Alpha 0.4465 1.83 4.05E-01
Alpha Sum 0.432 1.7 3.88E-01

(µg/mL) (µg/g) (µg/g)
Total Cs 12 7.675 8.76E+00
Total U 73.1 103 5.63E+01

Analyte Supernatant Solids Calculated
Average Average Composition
(µg/mL) (µg/g) (µg/g)

Tc-99 (ICP/MS) 4.315 3.77 3.20
TIC 16300 17850 12000
TOC 29900 32000 22500
TC (sum) 46200 50800 34800
Fluoride 6350 4400 4660
Chloride 1400 <1200 980
Nitrite 51350 31050 37400
Bromide <490 <1200 -
Nitrate 161000 111000 118000
Phosphate 3000 <2400 2100
Sulfate 7650 7000 5700
Oxalate 1300 32100 2500

mmole/mL mmole/g mmole/g
Hydroxide 0.717 - 0.500

pH pH
pH 13.32 - -

2.2 Sr/TRU Removal Conditions

Supernatant from Envelope C waste contains levels of Sr-90 and TRU too high to meet immobilized 
low-activity waste (ILAW) requirements.  The BNFL targets for ILAW are less than 100 nCi/g TRU 
and less than 20 Ci/m3 Sr-90 in the final ILAW.  For AN-107 waste, this translates to required 
decontamination factors (DF) of approximately 10 for strontium (90% removal) and 5 for TRU (80% 
removal).  Since over 90% of the TRU in AN-107 is due to Am-241, a decontamination factor of 5 
was established for Am-241.

Experimental conditions for Sr/TRU removal were determined from small- and large-scale batch 
experiments with archived AN-107 waste (Hallen et al. 2000a,b).  These experiments suggested that 
hydroxide could be as low as 0.5M and the reagent addition could be as low as 0.05M strontium and 
0.03M permanganate for AN-107.  But because the AN-107 diluted feed was more concentrated and 
contained entrained solids that were not present in the archived AN-107 sample, the conditions used 
were 1M hydroxide and reagent addition of 0.075M for strontium and 0.05M for permanganate.   The 
target sodium concentration was also reduced to 6.0M, since all previous studies with archived 
AN-107 had been conducted with more dilute waste.  This concentration required an additional 
dilution/adjustment to the diluted feed with sodium hydroxide solution.  The target concentrations for 
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the final treated waste after all chemical additions were set at 6.0M sodium, 1.0M hydroxide, 0.075M 
strontium, and 0.05M permanganate.  The Sr/TRU removal process added additional sodium to the 
as-received waste giving 79.2 mole or weight percent of the sodium from the original, as-received
waste.

2.3 Solids Removal Conditions

A test matrix was developed for conducting crossflow filtration tests using the single element, Cell 
Unit Filtration (CUF) test stand (Brooks et al. 1999).  The test conditions were focused on higher
pressure and crossflow velocities of the test matrix for AW-101 based on results from earlier CUF 
tests.  The CUF test conditions are given in Table 2.2.  Conditions 9 to 14 could not be tested because 
the minimum operating volume of the CUF was too large (~700-mL), and the original solids loading 
(~2%) were too low to reach 20 wt% solids.  Approximately 7-L of treated waste would be required 
to reach the target solids loading of 20 wt% solids.

Table 2.2.  Sr/TRU Precipitate Filtration Tests Conditions

Test Number Sample Transmembrane pressure 
(psi)

Crossflow
Velocity (ft/s)

0 DI water 10, 20, 30 12.2
1 Feed 50 12.2
2 Feed 30 12.2
3 Feed 70 12.2
4 Feed Optimum from 2.1 – 2.3 9.1
5 Feed Optimum from 2.1 – 2.3 15.2
6 Feed 50 12.2
7 Feed Optimum from 2.1 – 2.7 Optimum from

2.1 – 2.7
8 De-watering Optimum from 2.1 – 2.7 Optimum from 

2.1 – 2.7
9 >20 %wt solids 30 12.2
10 >20 %wt solids 50 12.2
11 >20 %wt solids 70 12.2
12 >20 %wt solids Optimum from 2.9 – 2.11 9.1
13 >20 %wt solids Optimum from 2.9 – 2.11 15.2
14 >20 %wt solids 50 12.2

CUF Cleaning
15 Water/permeate

cleaning
N/A N/A

16 DI water 20 12.2
17 1M nitric acid 

cleaning (if 
needed)

N/A N/A

18 DI water 10, 20, 30 12.2
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After the C-104 filtration tests (Brooks et al. 2000) and prior to the Sr/TRU removal tests, the filter 
element was cleaned by backpulsing and recirculating 1-L of 1M HNO3 through the CUF.  The acid 
was drained from the CUF and found to be very dark in color, so an additional 1-L of HNO3 was used 
to clean the filter element.  The second acid wash was considerably cleaner.  The CUF system was 
rinsed until a neutral pH was obtained.  The clean water flux of the filter element was determined at 
20, 10, and 30 psid (test 0) to evaluate the relative cleanliness of the CUF and filter element.  The 
respective flux rates were 1.38, 0.84, and 1.77 gpm/ft2 averaged over 20 minutes.  These values were 
12 to 25% lower than at the start of the C-104 testing.  The clean water flux remained relatively 
constant over the 20 min and the CUF was judged to be clean enough to conduct filtration tests.

After Sr/TRU removal tests, the filter element was cleaned with 1-L of a combination of nitric acid 
(1M) and citric acid (0.1M).  The manganese precipitate, hydrated manganese dioxide, does not 
dissolve in 1M nitric acid normally used to clean the filter element/CUF system.  An alpha-hydroxy
carboxylic acid such as citric acid will reduce Mn(IV) to Mn(II), which is soluble in nitric acid.  The 
manganese solids remaining in the CUF and filter element can be dissolved and removed.  This 
chemical treatment, followed by recirculation through an external cartridge filter (Brooks et al. 2000), 
has been shown to be effective for restoring clean water flux to the filtration unit in earlier tests.

2.4 Experimental

All Sr/TRU and solids removal tests were performed in the High-Level Radiochemical Facility 
(HLRF) shielded process cells located in the 300 area at Hanford.  Approximately 1.8-L of AN-107
diluted feed had been prepared as part of waste characterization.  The target composition for the 
diluted feed was 7.7M sodium and 1.1M hydroxide.  The Sr/TRU removal process was demonstrated 
on 1.4-L of the diluted feed and 0.4-L was saved for future studies.  The target values for chemical 
adjustment and reagent addition are shown in Table 2.3.  Stock solutions of the reagents were 
prepared outside the hot cells for addition to the waste.  Sodium hydroxide solution, 3.52M, was 
added to adjust the sodium and hydroxide concentrations.  The strontium solution was made up as the 
nitrate salt in 1M concentration.  The experiment used 1M sodium permanganate.  The data show that 
the final treated waste contained 75 vol% of the diluted feed or 79.2 wt% of the original, as-received
waste sodium. 

Table 2.3.  Chemical Additions to AN-107 Diluted Feed

Target
Concentration

(M)

Actual
Concentration

(M)
Density
(g/mL)

Target
Volume

(L)

Actual
Volume

(L)

Sodium from
As-Received Waste

(wt %)
initial waste - - 1.32 1.40 1.398 86.4
NaOH 3.52 3.51 1.123 0.265 0.264 -
Sr(NO3)2 1.00 0.999 1.159 0.143 0.143 -
NaMnO4 1.00 1.001 1.094 0.097 0.096 -
final waste - - 1.298 1.90 1.86 79.2

AN-107 diluted feed was transferred from four, 1-pint storage jars to a 4-L Erlenmeyer flask.  The 
waste was mixed with a magnetic stir bar while reagents were slowly added in the order shown in 
Table 2.3.  The waste was thoroughly mixed between each reagent addition.  After the permanganate 
addition, the waste was mixed for 30 min at ambient temperature, and then heated for 4 hours at
50°C.  The treated waste was cooled and transferred to the CUF feed reservoir for filtration tests.  The 
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test matrix was run; the slurry diluted by approximately 20%, and CUF tests repeated at a lower 
slurry concentration to determine the impact on filtration performance.  The dilution did not add 
additional sodium to the waste so 79.2 mole or weight percent of the sodium in the final treated waste 
was from the original, as-received waste. 

2.5 Sampling Plan

A sampling plan (Table 2.4) was prepared before the Sr/TRU removal test was performed.  The 
sampling plan was based on the Test Specification, comments received from external reviewers (need 
for duplicates), and past experience (collect additional samples during tests).  Not all of the samples 
were analyzed.  The samples that were not needed for analytical were recombined at the end of the 
test with the CUF slurry to maximize the amount of supernatant for downstream processing. 
Chemical analyses also included the radioactive elements.

Table 2.4.  Sampling Plan

Sampling Step Number of 
Samples

Sample
Type

Process Step Analysis

Precipitated Feed 2 Slurry After Precipitation Chemical Analyses
Digested
Precipitate

2 Slurry After Digestion Chemical Analyses

Recycled Slurry 2 Slurry CUF slurry sample Physical Properties
Recycled Slurry 2 Slurry CUF Slurry Sample Rheology
CUF Test Matrix 4 Filtrate CUF Filtrate sample Chemical Analyses
Middle De-water
Step

1 Filtrate During Condition 8 Chemical Analyses

Diluted CUF 
Slurry

1 Slurry Diluted CUF slurry sample Physical Properties

Diluted CUF 
Slurry

1 Filtrate Diluted CUF Filtrate Chemical Analyses

Filtrate Composite 2 Filtrate Combined CUF & 
Deadend Filtrates

Chemical Analyses

Four Washes 1 each Wash After Each Wash Chemical Analyses
Wash Composite 1 Wash After All Washes Chemical Analyses
Washed Solids 2 Wet Solids Final Solids Chemical Analyses

2.6 Chemical Analyses

All of the chemical analyses were conducted at Battelle.  BNFL designated the analytes of interest 
and minimum reportable quantity in the test specification (Table 2.5).  Table 2.6 lists the samples that 
were analyzed and analyses conducted on each sample.  The samples were transferred from the HLRF 
to the Shielded Analytical Laboratory (SAL) for sample preparation and analyses.  The samples were 
analyzed as soon as possible, but for some samples this was up to two weeks later.  The data 
discussed in Section 3.0 shows that the samples that were taken as slurries, continued to react during 
sample storage.
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Table 2.5.  Analytical Requirements for Washed Solids, Filtrate, and Wash Solutions

Analyte Washed Solids
Minimum Reportable 

Quantity (MRQ) µCi/g

Filtrate and Wash Solutions
Minimum Reportable Quantity 

(MRQ) µCi/mL
Cesium-137 6.0E-02 9.0E+00
Strontium-90 7.01E+01 1.5E-01

Technetium-99 6E+00 µg/g 1.5E-03
Americium-241 1.2E-03 7.2E-04
Europium-154 6.0E-02 2.0E-03
Europium-155 6.0E-02 9.0E-02

Plutonium-239/240 6.0E+00 µg/g 9.6E-03
Total Alpha 1.0E-03 2.3E-01

µg/g µg/mL
Al 3.3E+02 7.5E+01
Ba 6.0E+02 7.8E+01
Ca 1.8E+02 1.5E+02
Cd 1.1E+01 7.5E+00
Co 3.0E+00 3.0E+01
Cr 1.2E+02 1.5E+01
Cu 1.8E+01 1.7E+01
Fe 1.4E+02 1.5E+02
K 1.5E+03 7.5E+01
La 6.0E+01 3.5E+01
Mg 5.4E+02 1.5E+02
Mn 3.0E+02 1.5E+02
Mo 6.0E+00 9.0E+01
Na 1.5E+02 7.5E+01
Ni 1.6E+02 3.0E+01
Pb 6.0E+02 3.0E+02
Si 3.0E+03 1.7E+02
Sr 3.0E+02 8.7E+01
Ti 1.5E+02 1.7E+01
U 6.0E+02 6.0E+02
Zn 6.0E+00 1.65E+01

TOC 6.0E+01 1.5E+03
TIC 3.0E+01 1.5E+02
Cl 2.3E+02 3.0E+00
F 7.5E+03 1.5E+02

NO3 4.5E+02 3.0E+03
SO4 1.2E+03 (as S) 2.3E+03
PO4 6.0E+02 (as P) 2.5E+03
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Table 2.6.  Identification of Samples that were Analyzed1

Sample
Number

Type Comments

DF-01 filtrate Analyze for 90Sr, 241Am, and Na (and all ICP elements)

DF-02 slurry filter and analyze for 90Sr, 241Am, and Na 

DF-03 slurry filter and analyze for 90Sr, 241Am, and Na 

DF-04 slurry filter and analyze for 90Sr, 241Am, and Na 

DF-05 slurry physical properties

DF-06 slurry physical properties

DF-11 CUF filtrate analyze for 90Sr, 241Am, and Na 

DF-13 dilute slurry physical properties

DF-14 dilute slurry filter and analyze for 90Sr, 241Am, and Na 

DF-20 composite filtrate analyze for all analytes, see Table 2.5

DF-21 composite filtrate analyze for all analytes

1st wash wash analyze for Na (and all ICP elements)

2nd wash wash analyze for Na 

3rd wash wash analyze for Na 

4th wash wash analyze for Na

wash composite combined washes analyze for all analytes

washed solids damp solids Dry, digest, analyze for all analytes
1See Table 3.1 for description of process conditions corresponding to each sample.

Sample DF-01 was filtered immediately after the sample was collected.  The other slurry samples, 
when specified, were filtered as part of the analytical sample preparation scheme, about 2 weeks after 
the samples were taken.  The slurry samples were filtered with 0.45-µm disposable syringe filters.
Many of the samples required multiple filter units to filter the necessary volume of waste for analyses.
The washed solids were dried for 24 hours at 105°C, and the weight percent of dry solids was 
determined.  Duplicate samples of the dried solids were dissolved by acid-digestion and analyzed for 
Na/K (and all ICP elements).  Duplicate, washed solids samples were also dissolved by potassium 
hydroxide-fusion and analyzed for all analytes listed in Table 2.5.  The wash samples were analyzed 
separately for sodium (and all ICP elements), and a composite of all four washes made; 5 mL of each 
wash combined to make one 20-mL sample.  The composite wash was analyzed for all analytes 
(Table 2.5). 

2.7 Physical Property Measurements

Physical property measurements were conducted on samples of AN-107 diluted feed before and after 
treatment.  The physical property analyses included supernatant and centrifuged solids density, and 
weight percent (wt%) and volume percent (vol%) solids.
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An AN-107 diluted feed sample (sample identification “AN-107 PT”) was collected from the initial 
diluted tank composite.  The diluted feed was homogenized and sampled as described under Test Plan 
29953-6.  This sampling method was shown under Test Plan 29953-1 to provide samples with 
representative solids content.

The AN-107 diluted feed was treated for Sr/TRU removal under Test Plan 29953-013 according to 
Test Instruction 29953-052.  Duplicate samples of the Sr/TRU precipitated slurry (DF-05 and DF-06)
were collected for physical property analyses.  The Sr/TRU precipitated slurry was then diluted by 
19.24% for additional filtration tests, and an additional slurry sample (DF-13) was collected for 
physical property analysis. 

2.8 Rheological Properties Testing

The AN-107 initial diluted feed (AN-107 PT) and Sr/TRU precipitated slurry (similar to DF-05 and 
DF-06) were analyzed for shear stress as a function of shear rate from approximately 0.1 to 300 s-1 or 
1000 s-1 according to procedure 29953-010.  The AN-107 initial diluted feed was analyzed using the 
Bohlin CS viscometer modified for glovebox operations.  Concentric cylinders with a 25-mm-
diameter inner cylinder and a “Small Sample Cell” outer cylinder were used as the measuring 
geometries.  The Sr/TRU precipitated slurry was analyzed using a Haake M5 measuring head 
modified for hot cell operations.  An MVI measuring geometry was used on the Haake.  Both the 
initial and Sr/TRU precipitated slurries were analyzed in duplicate at 25°C.  A 49.9 cP standard, 
Brookfield lot 102298, was used to check the calibration of both instruments before samples were 
analyzed.  The Bohlin is the preferred instrument for analyzing the diluted feed as it can quantify 
lower viscosities than the Haake M5 with comparable concentric cylinder geometries. The Bohlin 
also requires significantly less sample material, 5 ml, compared to 40 ml for the Haake M5.  Since the 
Sr/TRU slurries were analyzed in the hot cell while the filtration tests were being conducted, the 
Haake M5 was preferred for these analyses.  The Haake M5’s location in the hot cell allowed for 
immediate return of sample to the CUF reservoir following analysis, preventing the loss of sample 
volume from the test.

Analyses of the AN-107 initial diluted feed were conducted up to 300 s-1 as per Test Instruction 
29953-11.  Following this testing, guidance was provided by BNFL to increase the shear rate analyses 
to 1000 s-1.  Therefore, testing on the Sr/TRU precipitated slurries were conducted up to 1000 s-1 with
additional analyses conducted to only 300 s-1 for comparison.

Prior to shear stress as a function of shear rate analysis, the samples were stirred to combine the 
separated liquid and solid layers. Shear stress data, as a function of shear rate, was obtained by 
measuring the shear stress produced at a specific shear rate.  The shear rate was gradually increased 
from approximately 0.1 to either 300 s-1 or 1000 s-1, generating the increasing shear rate curve, and 
then back down to 0.1 s-1, generating the decreasing curve.  For analyses conducted with the Haake 
M5, the increasing and decreasing 300 s-1 curves were collected over a 2 min period, while the 
1000 s-1 curves were collected over a 2- or 4-min time period. For the Sr/TRU precipitated slurry, the 
shear rate analysis was conducted three times with the same sample still in the instrument.  A 
difference between the first, second, and third analysis of the same sample would indicate potentially 
unusual behavior in the samples including (but not limited to) settling of the solids within the 
instrument, the sample being affected by shearing in the instrument or water loss through evaporation.
In all cases, the first, second, and third analyses were virtually identical.  The sample cup was then 
cleaned, and a duplicate sample was analyzed using the same parameters.
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3.0 RESULTS AND DISCUSSION

The results of the testing and analyses are discussed below for Sr/TRU decontamination, chemical 
composition, wash solutions and washed solids composition, solids removal, physical properties, and 
rheological and flow properties.

3.1 Sr/TRU Decontamination

Multiple samples were taken during the Sr/TRU removal tests and analyzed to determine the change 
in waste composition upon treatment.   Samples were taken after various stages of treatment, 
filtration, and again after the slurry was further diluted for additional filtration tests.  The radionuclide 
composition of the treated samples was compared with the starting composition to determine the 
extent of decontamination.  The Decontamination Factor (DF) is defined as the concentration of the 
component in the untreated waste divided by the concentration after treatment, corrected by the 
amount of dilution that occurred:

DF = [A]i/([A]*MD)

where [A]i is the concentration of component A per mass in the diluted feed sample, [A] is the 
concentration of component A per mass in the treated sample, and MD is the mass dilution, final mass 
of treated solution divide by the initial mass of solution.  The final mass is determined by summing
up the mass of initial waste and all dilution, adjustments, and/or reagent additions.  Table 3.1 lists the 
samples analyzed, mass dilution to be used for calculating DFs, and description of the sample.  All 
DFs and mass dilutions are based on the diluted feed.

Table 3.1.  Samples and Mass Dilution for Calculating Decontamination Factors

Sample ID Mass Dilution Sample Description
DF-01 1.3075 sampled after chemical addition, before heating, and 

filtered immediately
DF-02 1.3075 same as DF-01 but left as slurry until sample prep.
DF-03 1.3075 sampled after heating, left as slurry until sample prep
DF-04 1.3075 duplicate of DF-03
DF-11 1.3075 CUF filtrate
DF-14 1.556 diluted CUF slurry, left as slurry until sample prep
DF-20 1.556 composite filtrate from CUF and Deadend filtration, 

also Cs ion exchange feed
DF-21 1.556 duplicate of DF-20, composite filtrate
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The strontium, americium, and curium decontamination factors for samples DF-01 through DF-11 are 
shown in Table 3.2.  All samples had very high decontamination for Sr and TRU components, greatly 
exceeding the requirements for ILAW.  The 4-hour digestion had very little effect on the DFs.  The 
higher DFs for samples DF-02, DF-03, and DF-04 most likely resulted from the long contact time of 
the solids and supernatant (approximately 2 weeks), while the samples were waiting preparation in 
the analytical laboratory.  This suggests that thermodynamic equilibrium was not reached between 
solution species and solids during the actual waste testing. Sample DF-11 most accurately represents 
the current technical baseline process for Sr/TRU removal because it underwent the entire treatment 
and filtration process.

Table 3.2.  Strontium, Am, and Cm Decontamination Factors for Samples DF-01 to DF-11 and the 
Composition of CUF Filtrate (DF-11)

DF-01 DF-02 DF-03 DF-04 DF-11 DF-11
(µCi/g)

Sr-90 48 116 246 122 82 5.85E-01
Am-241 (AEA) 26 54 64 56 28 9.36E-03
Cm-242 24 39 49 42 22 3.89E-04
Cm-243+Cm-244 18 37 43 39 20 4.17E-05

The original treated waste was diluted by an additional 19 wt%, additional CUF tests performed, and 
samples collected for analyses.  A reduced test matrix was performed and the optimum conditions 
were used to dewater the slurry in the CUF until the waste volume was reduced to the volume limit of 
the CUF.  Approximately half the slurry was dewatered in the CUF.  The CUF was drained and the 
slurry filtered to dryness in a deadend filtration unit.  The final CUF filtrate was combined with 
filtrate from the final dewatering of the slurry in a deadend filtration unit and sampled in duplicate, 
DF-20 and DF-21.  These samples represent the low activity waste from the Sr/TRU removal process.
The composite filtrate is the feed for the subsequent cesium ion exchange process.

Table 3.3 shows the DFs calculated for the total sample (including entrained solids) and for 
supernatant for various radioactive elements in these samples.  Solids removal contributed very little 
to the DF.  The DFs were very high and consistent with the earlier filtrate sample, DF-11.  The DF of 
less-than-1 for Tc-99 means the concentration after treatment was actually higher in the filtrate than 
the untreated waste.  The most significant result was the additional dilution did not impact the 
decontamination of the waste.
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Table 3.3.  Radioactive Element Decontamination Factors for Samples DF-14, DF-20 and DF-21 and 
Average Composition of Composite Filtrate

Total Sample Supernatant Only

DF-14 DF-20 DF-21 DF-14 DF-20 DF-21

Average of 
DF-20 & DF-21

(µCi/g)

Co-60 (GEA) - 1 1 - 1 1 4.99E-02
Sr-90 55 85 84 51 78 77 4.77E-01
Cs-137 (GEA) - 1 1 - 1 1 1.23E+02
Eu-154 (GEA) - 11 12 - 10 11 2.85E-02
Pu-238 - 29 29 - 22 23 1.67E-04
Pu-239+Pu-240 - 29 31 - 24 25 6.32E-04
Am-241 (AEA) 66 45 43 56 38 37 4.97E-03
Cm-242 51 35 32 46 32 29 2.32E-05
Cm-243+Cm-244 50 30 27 46 27 25 2.32E-04
Tc-99 - 0.8 0.7 - - - 2.72 (µg/g)
Total Alpha - 32 34 - 27 28 7.93E-03

3.2 Change in Chemical Composition

The Sr/TRU removal process also changed the chemical composition of the waste samples.  Table 3.4 
shows the compositional change of the supernatant as a percent removed from the untreated waste.
These values are corrected by the mass dilution that occurred upon treatment.  The most significant 
and interesting changes are for Cr, Fe, Mn, and Sr.  The Cr in solution decreased, which was opposite 
of the effect observed by Orth et al.  The Fe removal was very high, and most likely correlated 
directly with the high TRU (Am/Cm/Eu) removal.  Manganese decreased, which suggests that soluble
Mn, likely Mn(II), is oxidized to Mn(IV) by reaction with Mn(VII).  The Sr increased because the 
original solution was below the saturation level for Sr, and a fraction of the added Sr remained 
soluble.

Table 3.4.  Percent Removal of ICP Metals from samples DF-01 to DF-11 and Composition of the 
CUF Filtrate (DF-11)

DF-01
(%)

DF-02
(%)

DF-03
(%)

DF-04
(%)

DF-11
(%)

DF-11
(µg/g)

Al 10 7 7 5 7 2220
Ca 32 36 39 38 37 157
Cd 0 -4 -3 -5 -3 27.1
Cr 48 93 94 93 51 51.5
Fe 99 99 99 99 98 15.9
K 24 23 24 23 23 732
Mn 99 94 92 93 99 1.8
Ni 2 -1 -1 -3 -1 222
P 0 -4 -3 -5 -4 294
Pb 65 65 65 64 60 65.9
Sr -7445 -4132 -4113 -4216 -7070 153
Zr 52 72 75 72 57 3.4
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The results for the diluted slurry and final composite filtrate are presented in Table 3.5.  The results 
show the composition did not change significantly upon dilution of the slurry and additional CUF 
testing.

Table 3.5.  Composition Change, Reported as Percent Removed, on Treatment and Dilution of the 
Slurry and Final Composite Filtrate

DF-14
(%)

DF-20
(%)

DF-21
(%)

Ave DF-20 & 21 
(µg/g)

Al 5 -1 3 1980
Ca 33 32 37 136.5
Cd -3 -7 -2 23.2
Cr 85 58 59 37.025
Fe 99 99 99 8.9125
K 24 21 23 622.5
Mn 98 99 99 2.325
Nd 80 74 74 2.725
Ni -2 -7 -1 192
P -4 -8 -4 251.5
Pb 61 60 62 54.675
Sr -5164 -6341 -5867 111.25
Zr 77 68 70 2.05

Table 3.6 shows the results from sodium analyses of the samples and the density of the filtrate.  The 
sodium concentration is important for LAW glass-loading calculations.  Here, the sodium values are 
higher than expected, 6M for the initial treated waste and 5M after additional dilution.  These values 
could be caused by dissolution of additional entrained solids on dilution/treatment, but the results are 
within the expected analytical error (10%) for samples that require high dilution before analysis.  The 
densities reported in the table were determined in the hot-cells using volumetric flasks and samples of 
the filtrate.

Table 3.6.  Sodium Concentration in DF-01 to DF-21 Samples

Sample ID [Na]
(µg/g)

[Na]
(M)

Density
(g/mL)

DF-1 112000 6.27
DF-2 115000 6.43
DF-3 116000 6.49
DF-4 118000 6.60
DF-11 119000 6.66
average 116000 6.49 1.286
DF-14 105000 5.67
DF-20 102000 5.51
DF-20 dup. 110000 5.94
DF-21 91900 4.96
average 101300 5.47 1.2414
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Carbon analyses were only performed on the composite filtrate, samples DF-20 and 21.  Table 3.7 
shows that very little of the organic carbon was destroyed by the Sr/TRU removal process, i.e. 
permanganate oxidation.  This is consistent with the initial high organic carbon content of the waste 
(>2M) and low level of added permanganate (0.05M).  The decrease in carbonate is expected because 
the added Sr precipitates as SrCO3, removing carbonate from solution.  Taking into account the 
carbonate removed by Sr precipitation, the carbonate (reported as TIC) still decreased by 6%.  The 
data indicate very little destruction of organic carbon and give no indication that any was oxidized to 
carbonate.

Table 3.7.  Percent Removal of Carbon and Composition of the Composite Filtrate Samples

DF-20
(%)

DF-21
(%)

Average
(µg/g)

Average
(M)

TIC 14 13 6800 0.70
TOC 3 9 13600 1.41
TC 7 10 20425 2.11

The filtrate composite, DF-20 and DF-21, was analyzed by ion chromatography (IC) for anions.
Table 3.8 shows that most anions were below detection level, except for nitrate and nitrite.  The 
Sr/TRU removal process reduced the nitrite concentration about the same amount as the nitrate was 
increased, which suggests that during the removal process some of the nitrite was oxidized to nitrate.
Not enough data are available to determine if this is a result of the initial permanganate oxidation, or a 
result of the digestion process, where various higher valence metals may act as nitrite oxidants 
(Mn(IV)).

Table 3.8.  Percent Removal of Anions and Composition of the Composite Filtrate Samples

DF-20
(%)

DF-21
(%)

Average
(µg/g)

Average
(M)

Fluoride >33 >33 <2000
Chloride <2000
Nitrite 9 10 21700 0.59
Nitrate -6 -8 87400 1.75
Phosphate <4000
Sulfate <4000
Oxalate <4000

3.3 Composition of Wash Solutions and Washed Solids

The combined entrained solids and Sr/TRU removal solids were collected on the deadend filter.  The 
solids were washed on the filter four times with 0.01M NaOH.  The first wash was vacuum filtered, 
but filtered so fast the solids were not washed very well.  Subsequent washes were all done with 
gravity filtration.  The solids were very difficult to wash in the deadend filtration unit.  They could 
not be easily stirred or mixed while washing.  The solids were the consistency of wet clay.  The four 
wash solutions were collected and analyzed separately, and a composite of the four wash solutions 
was analyzed.  The wet, washed solids were removed from the filter unit, dried to constant weight, 
dissolved, and analyzed. The composition of the wash solutions and washed solids are listed in 
Table 3.9.
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Table 3.9.  Composition of Wash Solutions and Washed Solids (µg/g)

Element 1st

Wash*
2nd

Wash
3rd

Wash
4th

Wash
Composite

Wash
Washed
Solids

Ag - - - - - 105
Al 194 487 161 90.8 125.9 7915
Ba - - - - - 358
Ca 15.7 [42] 16.6 [10] 13.3 5413
Cd 1.9 5.29 1.8 1.07 1.435 33
Ce - - - - - 1013
Co - - - - - -
Cr 1.19 [2.8] 2.52 1.77 2.145 3277
Cu 1.38 [3.3] [1.1] [0.62] 0.86 53
Fe [1.1] [1.4] 3.44 [0.44] 1.94 47133
K [73] [140] [34] [14] 24 -
La - - - - - 723
Mg - - - - - 195
Mn [0.52] - [0.52] [0.28] [0.4] 130000
Mo [1.2] [3.1] [1] [0.56] [0.78] 31
Na 12400 26500 9560 6440 8000 75567
Nd - - - - - 2117
Ni 16.2 43.6 14.8 8.88 11.84 134
P 18 61.4 11.7 11.3 11.5 749
Pb 9.14 23.9 9.82 7.03 8.425 4770
Pd - - - - - 987
Si 27.2 [18] [18] [10] 14 4322
Sr 16.7 40 16.7 12.4 14.55 272500
Th - - - - - 1150
Ti - - - - - 42
U - - - - - 1780
Zn 0.69 1.8 0.8 0.6 0.7 307
Zr - - - - - 1958

* First wash vacuum filtered, all others gravity filtered.  Overall error is estimated to be within ±15%.
Values in brackets are within 10-times the detection limit and errors are likely to exceed ±15%.
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Table 3.9.  Composition of Wash Solutions and Washed Solids (Con’t)

Wash Composite
(µCi/g)

Washed Solids
(µCi/g)

Alpha 6.67E-04 1.35E+01
Sr-90 9.79E-02 1.10E+03
Pu-239 + Pu-240 2.44E-05 6.33E-01
Pu-238 6.97E-06 1.76E-01
Am-241 2.89E-04 6.24E+00
Cm-243 + Cm-244 1.62E-05 1.40E-01
Cm-242 1.39E-06 1.07E-02

(µg /g) (µg /g)
Tc-99 0.29 8.6
TIC 1,025 47,750
TOC 2,400 1,625
TC 3,425 49,375
Fluoride <125 <250
Chloride <125 <500
Nitrite 2800 1750
Nitrate 11150 8350
Phosphate <250 <500
Sulfate 470 1200
Oxalate 3450 23300

The moisture content of the washed solids (92 g) was 63.4 wt%, which yielded 33.7 g of solids 
recovered on a dry basis.  The Sr/TRU removal treatment was estimated to yield 35 g of solids, and 
the initial waste was estimated to contain 11 g of entrained solids.  The loss of solids occurred 
because complete removal of the dewatered slurry from the CUF is difficult.  Additional entrained 
solids were also expected to dissolve by the additional dilution/treatment, lowering the amount of 
entrained solids.  Using the Sr concentration of the washed solids (272,500 µg/g) and predicted Sr 
concentration for the solids from precipitation (345,000 µg/g), we calculate that 9 g of entrained 
solids were present.  The solids content of the waste slurry is calculated to be 1.85 wt% and includes 
the entrained solids and Sr/TRU precipitate.  The calculation suggests the entrained solids are 
primarily Na, Al, Si, Fe and Mn, which is consistent with data on entrained solids washing/ 
dissolution (Lumetta et al. 1999).  The IC analysis was performed on a water leach of the solids and 
TIC/TOC analyses were made directly on the solids.  However, the TOC and oxalate results reported 
in Table 3.10 for the washed solids did not match.  With oxalate at 23,300 µg/g, the TOC value 
should have been at least 6350 µg/g.  It is likely that the oxalate decomposed during the TIC analyses 
and is reported as TIC not TOC.
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Table 3.10.  Average Filtrate Flux as a Function of Test Number and Conditions

Test # TMP
(psi)

Total Flow
(gpm)

Velocity
(ft/s)

Average Flux
(gpm/ft2)

1 49 4.0 12.0 0.030
2 30 4.2 12.2 0.025
3 69 3.4 9.9 0.022
4 50 3.1 9.0 0.019
5 49 4.5 13.1 0.024
6 50 4.1 11.9 0.022

DW 48 3.9 11.3 0.021

3.4 Solids Removal

The CUF was thoroughly cleaned before each test matrix of filtration tests.  The flux rate for clean 
water was used to evaluate the cleanliness of the CUF unit.  When the flux rate was high, and 
remained consistently high for at least 30 min, the CUF was judged clean enough for filtration tests.
The Sr/TRU precipitated waste was then transferred to the CUF for testing.

The result from the first test condition, target transmembrane pressure (TMP) of 50 psi and crossflow 
velocity of 12.2ft/s, are shown in Figure 3.1, and are indicative of the overall CUF performance for 
the Sr/TRU precipitated waste.  The high initial flux rate drops within a few minutes to a lower, 
consistent flux rate that slowly decreases over the 1-hour test period.  For comparison of test 
conditions, the flux rate is averaged over the 1-hour run time except for the initial flux rate data (data
taken at less than 10 min).  Averaging the data from 10 min until the end of the test conditions, the 
average flux rate was 0.03 gpm/ft2 or 1.75 m3/m2/day and the permeability was 0.53 m/day/bar.
These flux rates are significantly less than the value of 0.1 gpm/ft2 that was obtained for the Sr/TRU 
precipitated, archived AN-107 under similar conditions.  The archived waste did not have entrained 
solids present and was more dilute.  The filter element also had a slightly higher clean water flux, 
which suggests the filter element and CUF was initially cleaner for the archived AN-107 sample test.

Figure 3.1.  CUF Data for Test Number 1 of the Test Matrix, 49 psi Transmembrane Pressure and 4.0 
gpm Total Flow (crossflow velocity of 12 ft/s)
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Comparing all of the data from the test conditions, Table 3.10, the important operating factor appears 
to be crossflow velocity.  The flux rates appear to drop fairly consistently with increasing run number, 
which has been observed for other wastes.  However, for test condition number 5, the flux rate 
increases substantially over the previous two conditions.  The decrease in flux rates with run number, 
or time, can be seen by comparing the results for test number 1 and number 6 (Figure 3.2).  The 
average filtrate flux had decreased from the first test, 0.030 gpm/ft2, to 0.022 gpm/ft2 for test 
condition 6.  If the decreases in flux rates are estimated for each test, the effect of TMP and velocity 
can be determined.

Figure 3.2.  CUF Data for Test Number 6, Repeat of Test Number 1

Increasing the TMP from 30 to 50 psi resulted in a 13% increase in filtrate flux, but increasing the 
TMP another 20 psi from 50 to 70 psi, resulted in only a 2% increase in filtrate flux.  Similarly, 
increasing crossflow velocity from 9.0 to 11.6 ft/s resulted in a 31% increase in flux, but an additional 
increase from 11.6 to 13.1 ft/s resulted in only a 2.5% increase in flux.  Unfortunately, because of 
pump wear, the high pressure and crossflow velocity test conditions could not be reached, 70 psi and 
12.2 ft/s, and 50 psi and 15.2 ft/s.  However, the results that were obtained suggest these conditions 
would not have significantly increased filtrate flux compared with 50 psi and 12.2 ft/s.

The conditions for test 1 and 6 were chosen as optimum and used for dewatering the waste in the 
CUF.  The target TMP of 50 psi and total flow of 4.1 gpm could not be sustained during dewatering 
because of the decreasing slurry volume with time.  The waste volume was decreased more than 50% 
during dewatering, and the filtrate flux remained quite constant during dewatering, as shown in 
Figure 3.3.  Dewatering was stopped at 38 min because the volume in the CUF was too low to 
continue.  The average flux rate during dewatering was 0.021 gpm/ft2.
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Figure 3.3.  Flux Rate During Dewatering in the CUF Unit

The CUF testing was completed and the remaining dewatered slurry removed from the CUF.  The 
CUF was rinsed with DI water and cleaning of the system was initiated.  Preliminary evaluation of 
the filtrate flux data for the Sr/TRU treated AN-107 diluted feed showed a significantly lower filtrate 
flux than for the treated archived AN-107 sample.  Figure 3.4 shows a comparison of the first three 
test conditions for the treated archived AN-107 sample and the treated AN-107 diluted feed.  The 
large drop in filtrate flux between condition 1 and 2 for the treated, archived AN-107 was thought to 
be a result of shearing the agglomerated precipitate (solids) into smaller particles.  This behavior was 
not noticed for the treated AN-107 diluted feed.

Additional CUF tests were performed to determine if waste concentration could be a major factor in 
filter performance.  The filtrates, slurry/solids, and samples from the first series of CUF tests were 
combined to reconstitute the Sr/TRU removal slurry, ~2 wt% solids.  This waste was transferred back 
to the CUF and filter performance determined using test condition 1.  Then the waste slurry was 
diluted by 19 wt% with DI water from the first CUF rinse (~1.7 wt% solids), and filtration tests 
repeated: test conditions 1, 2, 4, 6, and dewatering, plus an additional test to assess the impact of 
frequent backpulsing every 10 min of operation (test #7).  Figure 3.5 shows the filtrate flux rates for 
the starting reconstituted waste and the waste after additional dilution, for similar test conditions, test 
condition 1.  The reconstituted waste average flux rate was 0.020 gpm/ft2.  After dilution it increased 
to 0.028 gpm/ft2, a 36% improvement.  The dilution of the waste improved the flux rate, but not to the 
high values obtained for filtration of the treated archived AN-107.

Dewatering
 48 psig and 3.9 gpm
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Figure 3.4.  Comparison of Flux Data from Sr/TRU Precipitated Archived AN-107 and AN-107
Diluted Feed

Figure 3.5.  Comparison of Flux Rates at Different Slurry Concentrations with Test Number 1 
Conditions
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Table 3.11 gives the filtrate flux rates for the diluted slurry at various conditions.  The data are 
consistent with the tests conducted with the more concentrated slurry.  Increasing pressure from 28 to 
49 psi resulted in a 14% increase in flux.  Increasing crossflow velocity from 9.0 to 11.9 ft/s resulted 
in a 27% increase in flux.  The filtrate flux decreased as run number increased, but to a lesser extent 
than with the more concentrated slurry.  Optimum conditions for dewatering were determined to be 
50 psi and 12 ft/s as with the more concentrated slurry.  Dewatering the diluted slurry gave very 
similar results to the more concentrated slurry.

Table 3.11.  CUF Test Results for the Diluted Slurry

Test # TMP
(psi)

Total Flow
(gpm)

Velocity
(ft/s)

Average Flux
(gpm/ft2)

1 49 4.1 11.9 0.028
2 28 4.2 12.2 0.024
4 49 3.1 9.0 0.021
6 49 4.1 11.9 0.026
7 49 4.1 11.9 0.029

DW 48 3.9 11.3 0.022

The average flux value reported for test condition 7, the frequent backpulse test, excludes the initial 
flux rate measurements.  If the initial flux values are included in the average, the value raises slightly 
to 0.032 gpm/ft2.  The backpulse procedure is described in Brooks et al. (1999).  The air pressure to 
the backpulse chamber was set to 65 psig.  A backpulse would take approximately 8 seconds to 
complete.  The number of backpulses was varied from 1 to 2.  The filtrate flux rates and number of 
backpulses used are shown in Figure 3.6 as a function of filtration time.  The initial, time 0, flux rates 
should not be used for comparison, because slight delays between back pulse and taking the reading 
can cause the values to be significantly different as the initial rate is changing rapidly.  Comparing the 
flux rate data taken at approximately 10 min, shows continued degradation of flux rates even with 
frequent backpulses.  Going from 1 backpulse to 2 appeared to stop or temporarily delay the 
degradation of filter performance, but did not recover lost performance.  The significant factor 
affecting the flux rates with regard to the earlier archived AN-107 data appears to be an overall 
reduction of filter element/CUF performance with time.  The entrained solids present in the AN-107
diluted feed certainly had an effect but probably similar in magnitude to the impact of dilution.
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Figure 3.6.  Filtrate Flux Rates with Frequent Backpulsing

3.5 Physical Properties Analysis

The AN-107 samples (AN-107 Diluted Feed (AN-107 PT), Sr/TRU Precipitated Slurry (DF-05 and 
DF-06), and Diluted Sr/TRU Precipitated Slurry (DF-13)) were analyzed for density of the bulk 
slurries, settled solids, supernatant following solids settling, centrifuged solids, and centrifuged 
supernatant.  The density results are listed in Table 3.12. The wt% and vol% settled solids, wt% and 
vol% centrifuged solids, and wt% total solids were measured for these samples as well.  The wt% and 
vol% solids results are listed in Table 3.13.

For this testing, a known mass of each slurry was placed in duplicate in volume graduated centrifuge 
cones.  The duplicates were then allowed to settle for 3 days.  The total mass (MB) and volume (VB)
of the settled were recorded, and the density of the bulk slurry was calculated (DB=MB/VB).  In 
addition, the volume of the settled solids (Vss) and volume of supernatant following solids settling 
(Vsl) were recorded.  The vol% settled solids were then calculated (Vol%ss=Vss/VB x 100%).  A 
portion of the supernatant following solids settling was then transferred to a graduated cylinder, and 
its mass (Mslb) and volume (Vslb) recorded.  Using these data, the density of the supernatant following 
solids settling was calculated (Dsl=Mslb/Vslb).

Since all of the supernatant following solids settling could not be removed from the centrifuge cone 
without disturbing the settled solids, the mass of the settled solids (Mss) could not be measured 
directly.  Therefore, the mass of the settled solids was determined by first calculating the mass of the 
supernatant following solids settling in the centrifuge cone using the measured supernatant density 
and volume (Msl = Dsl x Vsl), then subtracting this mass for the mass of the bulk slurry to get the mass 
of the settled solids (Mss=MB-Msl).  The density of the settled solids was then calculated
(Dss=Mss/Vss), as well as the wt% settled solids (Wt%ss=Mss/MB x 100%).
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Table 3.12.  Density Measurements for Samples of AN-107 Diluted Feed (AN-107 PT), Sr/TRU 
Precipitated Slurry (DF-05 and DF-06), and Diluted Slurry (DF-13)

Density, g/ml
Slurry Settled

Solids
Supernatant

Following
Solids Settling

Centrifuged
Solids

Centrifuged
Supernatant

AN-107 PT 1.32 1.47 1.38 1.88 1.311
AN-107 PT Duplicate 1.32 1.30 1.26 1.94 1.317
AN-107 PT Average 1.32 1.38 1.32 1.91 1.314
Relative % Difference 0% 12% 9% 3% 0.4%
DF-5 1.25 1.23 1.28 1.36 1.290
DF-5 Duplicate 1.26 1.31 1.26 1.34 1.298
DF-5 Average 1.26 1.27 1.27 1.35 1.294
Relative % Difference 1% 6% 2% 1% 0.6%
DF-6 1.26 1.37 1.29 1.42 1.291
DF-6 Duplicate 1.26 1.33 1.25 1.31 1.275
7-DF-6 Average 1.26 1.35 1.27 1.37 1.283
Relative % Difference 0% 3% 3% 8% 1%
DF-13 1.20 1.23 1.22 1.26 1.242
DF-13 Duplicate 1.20 1.21 1.23 1.32 1.250
DF-13 Average 1.20 1.22 1.22 1.29 1.246
Relative % Difference 0% 2% 1% 5% 0.6%

Table 3.13.  Weight Percent and Volume Percent Solids measurements for samples of AN-107
Diluted Feed (AN-107 PT), Sr/TRU Precipitated Slurry (DF-05 and DF-06), and Diluted Slurry 

(DF-13)

Wt%
Settled(1)

Wt%
Centrifuged(1)

Vol%
Settled(1)

Vol%
Centrifuged(1)

Wt%
Dissolved(1)

AN-107 PT 7.0 4.5 6.3 3.2 41
AN-107 PT Duplicate 6.6 4.6 6.7 3.1 42
AN-107 PT Average 6.8 4.6 6.5 3.2 42.0
Relative % Difference 6% 2% 6% 3% 2%
DF-5 39 13 39 12 35
DF-5 Duplicate 40 13 39 12 36
DF-5 Average 40 13 39 12 36
Relative % Difference 2% 0% 0% 0% 3%
DF-6 43 15 40 13 43
DF-6 Duplicate 40 13 38 12 39
DF-6 Average 42 14 39 12 41
Relative % Difference 7% 14% 5% 8% 10%
DF-13 42 9.7 41 9.3 30
DF-13 Duplicate 42 9.6 41 8.8 30
DF-13 Average 42 9.6 41 9.0 30
Relative % Difference 0% 1% 0% 6% 0%

(1) Values include interstitial liquid.
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The supernatant following solids settling was then added back to the centrifuge cones and centrifuged 
at approximately 1000 times the force of gravity for 1 hour.  All of the centrifuged supernatant was 
then transferred to a graduated cylinder and its mass (Mcl) and volume (Vcl) recorded, and the density 
was calculated (Dcl=Mcl/Vcl).  The mass (Mcs) and volume (Vcs) of the centrifuged solids were then 
recorded, and the density was calculated (Dcs=Mcs/Vcs).  In addition, the wt% centrifuged solids 
(Wt%cs=Mcs/MB x 100%), and vol% centrifuged solids (Vol%cl=Vcl/VB x 100%) were also calculated.

The centrifuged solids and supernatants were then each dried at 105°C for 24 hours.  The mass of the 
dried centrifuged supernatant (Mdcl) and dried centrifuged solids (Mdcs) were then measured.
Assuming all mass lost during the drying process is water and not another volatile component, the 
weight percent total solids in the bulk slurry was calculated (Wt%ts = (Mdcs+Mdcl)/(Mcs+Mcl) x 100%).

The results in Table 3.12 show the initial density of the diluted feed was 1.32 g/mL.  Following the 
Sr/TRU removal treatment, the density decreased to 1.26 g/mL.  The final diluted slurry, after the 
additional 19.24 wt% dilution, had a density of 1.20 g/mL.  This value is very close to that calculated 
for this amount of dilution, 1.22 g/mL ([1.26+0.19]/[1.00+0.19] =1.218). 

The density of the centrifuged solids in the initial diluted feed was 1.91 g/mL (entrained solids).  The 
density of the Sr/TRU precipitate and entrained solids decreased to an average of 1.36 g/mL for 
samples DF-05 and DF-06.  It then decreased again to 1.29 g/mL following the final dilution.  The 
relative percent differences between duplicates were low, with the exception of 8% for sample DF-06.
This drop in density with the final dilution (between DF-05/DF-06 and DF-13) indicates that dilution 
was inducing a change in the solid species, either decreasing the packing efficiency, dissolving the 
denser species (entrained solids), or both.

From the data in Table 3.13, there were 4.6 wt% centrifuged solids (including interstitial liquid) in the 
initial diluted feed.  Following the Sr/TRU precipitation, the solids content increased to an average of 
14 wt% for samples DF-05 and DF-06.  Following the final dilution, the centrifuged solids content 
dropped to 9.6 wt%.  This decrease to 9.6 wt% would be anticipated for a 19.24% dilution 
(14g/(126g+19.24g)*100%= 9.6%).  The wt% total solids (including dissolved solids) was 42 wt% in 
the initial diluted feed.  Following the Sr/TRU precipitation and final dilution this value was 30 wt%.
Based on this 30 wt% value, a value of 44 wt% would be anticipated for samples DF-05 and DF-06.
However, the highest measured value was 43% with an average of only 39 wt%.  It is unclear why the 
wt% total solids for samples DF-05 and DF-06 were low, but the relative percent difference between 
duplicates was high as well, 3% and 10%, respectively.  It is also possible that the value of 30 wt% 
for sample DF-13 was high, but both duplicates yielded the same result.

An additional calculation was performed to determine the wt% solids in the samples excluding all 
interstitial liquid (wt% undissolved solids).  The wt% undissolved solids can be thought of as the 
solids left if all the supernatant could be removed from the bulk slurry.  The following equation was 
used:
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This calculation assumes 1) that the supernatant and the interstitial liquid have the same composition, 
and 2) that all mass loss during the drying of the centrifuged solids is water loss from interstitial 
liquid.   The results of this calculation are listed in Table 3.14 along with the wt% dried residue from 
the centrifuged solids (Solids Residue=Mcs/Mdcs x 100%), and dried centrifuged supernatant 
(Supernatant Residue= Mdsl/Msl x 100%).

Table 3.14 shows the wt% undissolved solids for the duplicate initial diluted feed samples were 
0.56 wt% and 0.67 wt%.  This yields an average value of 0.62 wt% entrained solids in the diluted 
feed with a relative percent difference of 18%.  This relative percent difference of 18% is not 
unreasonably high given the low solids content.  The duplicates for the final diluted slurry (DF-13)
also showed good reproducibility, 1.67 wt% and 1.58 wt% with an average of 1.62 wt% and a relative 
percent difference of 6%.  However, the Sr/TRU precipitated samples, DF-05 and DF-06, showed a 
great deal of scatter with relative percent differences of 114% and 180%, respectively.  It is possible 
that the low relative percent difference for the initial and final samples was fortuitous.  However, it is 
more likely that solids inhomogeneity or a subsampling error was the cause of the variability in this 
analysis.  While these are the most likely explanations, the issue is still not clear, since the remaining 
solids results in Table 3.12 and 3.13 showed reproducibility between the duplicate subsamples.
Given a value of 1.62 wt% for the final diluted slurry, a value for the initial precipitated slurry of 1.93 
wt% (1.62*1.19=1.93) would be anticipated.  If we use the initial entrained solids value of 0.62 wt% 
and add the expected mass for Sr/TRU precipitate, we estimate 1.94 wt% solids.  This is very close to 
the wt% solids predicted earlier based on ICP chemical analysis of the washed solids, 1.85 wt%.

Table 3.14.  Results of Wt% Residual Solids and Undissolved Solids Calculation Following Drying at 
105°C for 24 Hours for Samples of AN-107 Diluted Feed (AN-107 PT), Sr/TRU Precipitated Slurry 

(DF-05 and DF-06), and Diluted Slurry (DF-13)

Sample Wt% Residual 
Centrifuged Solids

Wt% Residual 
Centrifuged
Supernatant

Wt%
Undissolved

Solids
AN-107 PT 50.5 43.5 0.56
AN-107 PT Duplicate 51.7 43.4 0.67
AN-107 PT Average - - 0.62
Relative % Difference - - 18%
DF-5 67.1 33.3 6.6
DF-5 Duplicate 44.9 36.0 1.8
DF-5 Average - - 4.2
Relative % Difference - - 114%
DF-6 43.8 43.6 0.06
DF-6 Duplicate 44.6 38.9 1.21
DF-6 Average - - 0.64
Relative % Difference - - 180%
DF-13 41.6 29.6 1.67
DF-13 Duplicate 41.4 29.9 1.58
DF-13 Average - - 1.62
Relative % Difference - - 6%
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3.6 Rheological and Flow Properties

Examples of typical rheograms for the initial AN-107 diluted feed and Sr/TRU precipitated waste are 
presented in Figures 3.7 and 3.8.  All of the rheograms for the standards, samples, and duplicates are 
included in Appendix C.  As seen in these examples, the slurry exhibits Newtonian behavior, as there 
is a nearly linear relationship between shear stress and shear rate over the shear rate range examined 
and no detectable yield stress.  Since the viscosity is the ratio of the shear stress to the shear rate, the 
viscosity was nearly constant over the shear rate range examined for all samples.  The viscosity of the 
initial diluted feed was between 10-12 cP, and the viscosity of the Sr/TRU precipitated slurry was 
between 7-18 cP.

Figure 3.7.  Initial AN-107 Diluted Feed:  Sample 1
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Figure 3.8.  AN-107 Sr/TRU Precipitated Slurry:  Sample 1 Analysis 1

0

1

2

3

4

0 50 100 150 200 250 300

Shear Rate (1/s)

S
h

ea
r 

S
tr

es
s 

(P
a)

0.0

10.0

20.0

30.0

40.0

V
is

co
si

ty
 (

cP
)

Shear Stress

Viscosity



4.1

4.0 CONCLUSIONS AND RECOMMENDATIONS

The new processing scheme for Sr/TRU removal involving precipitation by added strontium and 
permanganate worked well.  Very high decontamination of Sr and TRU in AN-107 waste was 
accomplished with added concentrations of 0.075M Sr and 0.05M permanganate.  These results 
support the use of lower concentration of reagent additions than used in this study.  Optimization 
studies should be conducted to examine the reduction in added hydroxide from 1M to 0.5 M, 
reduction of Sr from 0.075M to 0.05M, and reduction in permanganate from 0.05M to 0.03M.  The 
4-hour digestion at 50°C appears unnecessary to obtain high decontamination of Sr and TRU using 
this treatment scheme.  Adequate DFs were obtained after addition and thorough mixing of the 
reagents before the solids were digested.  Mixing the precipitate for 1-hour at ambient temperature 
should be examined in future studies.  However, these data indicate that thermodynamic equilibrium 
with the Sr/TRU precipitated solids was not reached during the processing time involved.  Longer 
contact times may be required to allow equilibrium to be reached and reduce the possibility of the 
formation of solids after the filtration process.

The combined entrained solids and Sr/TRU precipitate was successfully filtered in the single element, 
crossflow filtration unit.  At the preferred operating conditions, transmembrane pressure (TMP) of 
50 psid and crossflow velocity of 12.2ft/sec, the average filtrate flux was 0.03 gpm/ft2 or 1.75 
m3/m2/day and the permeability was 0.53 m/day/bar.  The filtrate flux was not as high as earlier tests 
with an archived AN-107 sample (0.11 gpm/ft2), but this result was expected because of the higher 
concentration and presence of settled solids in the AN-107 diluted feed.  The combined entrained and 
Sr/TRU removal solids content of the waste slurry was quite low, 1.9 wt%.  The waste could only be 
dewatered approximately 50% to a solids content of approximately 4 wt% because of the large 
minimum operating volume of the CUF (~700-mL) and the limited amount of solids.  The vacuum, 
air-dried solids were 36.6 wt% solids (63.4 wt% moisture).  It appears that it will be difficult to 
dewater the combined entrained solids and Sr/TRU precipitate to the target value of >20 wt% solids 
by crossflow filtration.  Solids washing in the CUF may allow higher solids levels but would require
larger tank samples be treated for the CUF experiment, approximately 7-L samples of waste.  Future 
tests should be conducted with larger tank waste samples to allow the determination of performance 
of the filter to higher solids content and evaluate the impact of washing in the CUF system.

The viscosity of the Sr/TRU precipitated slurry (1.9 wt% solids) was between 7-18 cP.  The slurry 
showed a nearly linear relationship between shear stress and shear rate over the shear rate range 
examined and no detectable yield stress, i.e., Newtonian behavior.

The performance of the CUF system degraded with processing time.  Frequent backpulsing could 
help keep average filtrate flux rates higher but could not recover or prevent degradation of filter 
performance with time.  Rinsing and backpulsing the system with clean water was not adequate to 
restore filter flux.  After some period of time, the unit/filter will require chemical cleaning such as the 
1M nitric and 0.2M citric acid used for these studies.  An external filter was also used to reduce the 
time and volume of water required for the final cleanup up the system.  Additional studies need to be 
conducted to evaluate options for filter element cleaning, and impact to design if nitric/citric acid is 
required for filter cleaning.

The chemical decontamination of AN-107 waste with added Sr and permanganate is very rapid and 
occurs at room temperature in a matter of minutes.  The filterability of the waste slurry and potential 
for post filtration precipitation will likely be the determining factor for the Sr/TRU removal process 
conditions.  The waste as received from the tank is not filterable since the entrained solids rapidly 
foul the filter element.  The Sr/TRU removal treatment results in a waste that can be filtered, the 
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permanganate treatment greatly increasing the filterability by crossflow filtration.  The filtration is 
still difficult with lower than expected flux rates, the filter element performance reduces with time, 
and the level of solids concentration impact of solids washing is unknown.  Additional filtration 
studies need to be conducted and processing schemes involving solids settling/decant, precipitate 
recycle, and/or alternate dewatering should be considered.
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